Background: Myocyte enhancer factor 2D (MEF2D) plays important roles in neuronal survival. Results: Activation of extrasynaptic NMDAR causes calpain-mediated cleavage of MEF2D. Conclusion: Extrasynaptic NMDA receptors-induced excitotoxicity is in part mediated by degradation of MEF2D. Significance: Learning how MEF2D is dysregulated by excessive NMDA-activated calpain may provide a therapeutic strategy by inhibiting MEF2D degradation for excitotoxicity-associated diseases.
NMDA receptors (NMDARs) 2 are cationotropic channels gated by glutamate, the main excitatory neurotransmitter in the central nervous system, and play important roles in synaptic transmission and plasticity, modulate learning and memory, and initiate neuronal death response (1) . NMDAR activities are dysregulated under conditions that comprise neuronal viability. This is thought to occur when the intensity and duration of an excitatory signal exceed a certain level, causing sustained high levels of Ca 2ϩ influx and toxicity. There is strong evidence implicating the involvement of NMDAR signaling in causing neuronal death during brain ischemia, hypoxia, traumatic injury (2) , as well as in other neurodegenerative diseases such as Alzheimer and Parkinson disease (3, 4) . Overstimulation of NMDARs has been shown to cause mitochondrial dysfunction and bioenergetic failure, generate reactive oxygen species, dysregulate protease calpain, activate p38MAPK and JNK, and disrupt the protein complex involving postsynaptic density protein 95.
Interestingly, maintaining proper NMDAR activities are needed to protect neurons during development or after trauma (3) (4) (5) (6) (7) (8) . A number of pathways such as Akt and cAMP-response element-binding protein (CREB) are known to confer the neuroprotective effects of NMDARs (1) . The molecular basis of this dichotomy of NMDARs signaling to both neuroprotective and neurodestructive events is not fully understood. There is indication that the location of NMDARs can affect the nature of NMDA signals. It has been proposed that synaptic NMDAR activation promotes survival, whereas activation of extrasynaptic NMDARs signals opposes synaptic NMDARs activity and causes stress and death (9) .
Myocyte enhancer factor 2 (MEF2) A-D are transcription factors known to play important roles in neuronal development, synaptic plasticity, and survival (10, 11) . Indeed, MEF2 proteins promote the survival of several types of neurons under different conditions (12) (13) (14) (15) . Nuclear MEF2D is regulated by chaperone-mediated autophagy (16) . Interestingly, MEF2D has been shown to be present and function in mitochondria (17) . Dysregulation of the chaperone-mediated autophagy-MEF2D pathway or mitochondrial MEF2D occurs in Parkinson disease. Importantly, enhancing MEF2 activity broadly or in mitochondria attenuates the loss of dopaminergic neurons in substantia nigra pars compacta (SNpc) in a 1-methyl 4-phenyl 1,2,3,6tetrahydropyridine mouse model of Parkinson disease (17, 18) . Many stress signals inhibit MEF2 proteins. It is reported that caspases are involved in the degradation of MEF2 proteins under the stress and neuronal death conditions (19 -21) . In the current study, we identify that extrasynaptic NMDARs as the primary channel mediate excitotoxicity and cause calpain-de-pendent cleavage of MEF2D, which may contribute to excitotoxicity. Thus, our studies provide a mechanism that controls a key neuronal survival factor by coordinated signaling via NMDARs in mediating excitotoxicity in neurons.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-MEF2D C-terminal antibody was purchased from BD Transduction Laboratories; MEF2 N-terminal antibody from Santa Cruz Biotechnology; histone, 4EBP1, Fodrin, and GST antibodies from Cell Signaling; and actin antibody from Sigma-Aldrich. NMDA, DL-2-amino-5phosphonopentanoic acid, bicuculline, 4-aminopyridine, MK801, Ro 25-6981, ifenprodil, and ZnCl 2 were purchased from Sigma-Aldrich; tetrodotoxin, memantine, MDL28170, and calpeptin from Tocris; and Suc-LLVY-AMC from Calbi-ochem. AK295 was gifted by Dr. Jonathan Glass (Emory University). NVP-AAM077 was kindly provided by Dr. Yves Auberson (Novartis).
Primary Neuron Cultures-Culture of primary cortical neurons from Long Evans rats at embryonic day 18 was carried out as described previously (22) . Briefly, Cortical neurons were digested with trypsin and plated on poly-L-lysine-coated plates with neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen) and 0.5 mM glutamine (Cellgro). Cortical neurons were treated at 15 days in vitro (DIV), except that culture time was mentioned specially.
NMDA Treatment-Neurons were preincubated in medium with 1 M tetrodotoxin for 3 h before stimulation. For synaptic stimulation, 50 M bicuculline and 2.5 mM 4-aminopyridine were added in medium, and neurons were incubated for 1 h. For extrasynaptic stimulation, 1 M MK801 was used to irreversibly inhibit synaptic NMDA receptors for 5 min under the condition of synaptic stimulation. After being washed three times with PBS, neurons were incubated in medium with or without containing 20 M NMDA for 1 h. For whole cell NMDA stimulation, neurons were incubated in medium containing various concentrations of NMDA for 1 h.
Luciferase Reporter Assay-MEF2 reporter assay was carried out as described previously (21) .
Calpain Activity Assay-Cleavage of Suc-LLVY-AMC by calpain to fluorescent product AMC was used to measure calpain activity. Neuron lysates following various treatments were incubated in assay buffer (50 mM Tris-HCl, pH 7.4, 10 mM CaCl 2 , and 2 mM DTT) containing Suc-LLVY-AMC for 30 min at room temperature. Fluorescence was recorded by a BioTek Synergy HT Microplate Reader at 360 nm excitation and 440 nm emission.
MEF2D RNAi Lentivirus Infection-The siRNA against rat MEF2D targeted the sequence 5Ј-GTAGCTCTCTGGT-CACTCC-3Ј as described by Flavell et al. (23) . To produce a nonsilencing scrambled siRNA, the sequence of the MEF2D siRNA was altered such that it targeted the sequence, 5Ј-GTATCTCTCTGGTCGCTCC-3Ј (mismatches in boldface type) (17, 23, 24) . For the MEF2D RNAi lentivirus construct, the RNAi cassettes were cloned into lentiviral vector pFUGW (24) . Lentiviruses were produced in HEK293T cells at the Emory Viral Core facility by co-transfection of pFUGW-MEF2D RNAi, packaging plasmid p8.91, and vesicular stomatitis virus envelope expression plasmid (pMD.G). Lentiviruses were concentrated and titrated on HEK293T cells. Lentiviruses were applied to cortical neurons at DIV 12 and experiments were performed 72 h after virus infection.
Assessment of Neuronal Viability-Neurons were treated as indicated for 8 h. The morphology of neurons was observed and recorded under microscope. Culture media were collected and analyzed for lactate dehydrogenase (LDH) activity using the LDH cytotoxicity kit (Cayman Chemical) following the manufacturer's protocol. We calculated the percentage of dead cells by the following equation. Cell death (%) ϭ (treatment group LDH release Ϫ control group LDH release) ϫ 100/maximum LDH release. For maximum LDH release, the cells were lysed along with the culture medium by freezing/thawing and then assayed for the LDH activity.
Calpain Cleavage of MEF2D and Protein Sequencing-Purified recombinant GST-MEF2D(1-86) and GST-MEF2D(87-507) were co-incubated with calpain 2 (Calbiochem) in reaction buffer (50 mM Tris-HCl, pH 7.4, 5 mM CaCl 2 , and 1 mM DTT) for 15 min at room temperature. Samples were then subjected to SDS-PAGE for Coomassie Brilliant Blue Staining and Western blotting. The cleavage band was excised for protein sequencing via mass spectrometry.
Oxygen and Glucose Deprivation (OGD)-At DIV 15, cortical neurons were washed twice with and placed in glucose-free DMEM (OGD medium, Invitrogen) in a hypoxia chamber containing 1% O 2 , 5% CO 2 , and N 2 balance at 37°C. Neurons were harvested after 1 h of OGD. For LDH assay, culture media were collected from neurons 4 h after treatment.
Statistical Analysis-Analysis of variance followed by SNK test was employed for tests of significance between three or more groups. The comparison between two groups was performed by Student's t test. Results were expressed as means Ϯ S.E., and statistical significance was accepted at p Ͻ 0.05.
RESULTS
Toxic NMDA Decreases MEF2D Level and Activity-We tested first whether excitotoxicity regulated survival factor MEF2D. Primary cortical neurons at DIV 15 were treated with different concentrations of NMDA for 1 h, a time point before overt neuronal loss was evident, and measured for MEF2D lev- els. NMDA significantly reduced the levels of MEF2D protein in a concentration-dependent manner (Fig. 1A) . Because MEF2D levels change as neurons mature in culture, we treated primary cortical neurons cultured for time periods from 3 to 23 days. Our quantification analysis showed that 20 M NMDA treatment reduced MEF2D in neurons cultured for 11 days or older ( Fig. 1B) . Based on these, we chose 20 M of NMDA and neurons cultured at DIV 15 for most of the subsequent experiments. Previous studies indicate that MEF2D is present in both nuclear and cytoplasmic compartments (16) . We determined which pool of MEF2D was affected by NMDA. Subcellular fractionation showed that NMDA caused a rapid decrease in MEF2D in the cytoplasm but not in the nucleus of cortical neurons within 1 h (Fig. 1C ). However, nuclear MEF2D was reduced if cortical neurons were returned to normal culture medium and incubated for an additional 3 h following the initial NMDA treatment (Fig. 1D , top and middle panels). Consistent with this, MEF2 transcription activity was inhibited at 8 h after NMDA treatment (Fig. 1D, bottom) . These results suggest that toxic NMDA induces a sequential decrease of MEF2D levels early in the cytoplasm and then in the nucleus in mature neurons.
NMDARs Are Involved in MEF2D Degradation-To explore the mechanisms by which NMDA reduced MEF2D, we tested whether NMDARs were involved in mediating the suppressive effect on MEF2D level and activity. We employed two widely used NMDAR antagonists, DL-2-amino-5-phosphonopentanoic acid (a competitive antagonist) and MK801 (a non-competitive antagonist), to block NMDA neurotoxicity. These two antagonists completely protected MEF2D from the NMDAmediated excitotoxicity ( Fig. 2A) . Consistent with this, NMDAR antagonist DL-2-amino-5-phosphonopentanoic acid restored MEF2D transcription function in the presence of NMDA (Fig. 2B) . These results indicate that NMDARs play a dominant role in mediating the toxic signal and degradation of MEF2D.
Activation of Extrasynaptic NMDARs alone Is Sufficient for MEF2D Degradation-Our above data showed that bath application of NMDA reduced MEF2D. Recent reports suggest that the localization of NMDARs determines its signaling outcome with activation of synaptic NMDARs being neuroprotective, whereas with activation of extrasynaptic NMDARs invoking pro-death response (9, 25, 26) . We examined the role of synaptic versus extrasynaptic NMDARs in regulating MEF2D levels. First, we determined appropriate concentrations of MK801 for sequential experiments. Among concentrations from 0.1 to 10 M, 1 and 10 M MK801 completely prevented NMDA-induced neurotoxicity, but 1 M MK801 could be completely washed out for the subsequent extrasynaptic stimulation. Neurons were treated with 1 M MK801 for 5 min, washed three times, and then exposed to 20 M NMDA for 1 h. Seven hours later, the cell viability was measured by LDH assay. Compared with that of NMDA alone group, the viability of MK801washed out group showed no difference. This suggested that extrasynaptic NMDARs were solely responsible for all the NMDA-induced excitoxicity. Then, we showed that activation of synaptic but not extrasynaptic NMDARs led to increased phosphorylation of ERK under our experimental conditions ( Fig. 3A) , recapitulating the reported role of synaptic activity in neuroprotective signaling (27) . Stimulation of extrasynaptic NMDARs led to a significant decrease in MEF2D as bath application of NMDA did, but nor stimulation of synaptic NMDARs (Fig. 3A) . Treating neurons with memantine, which preferentially blocks extrasynaptic NMDARs (25, 28) , totally blocked NMDA-induced degradation of MEF2D (Fig. 3B ), further confirming that only extrasynaptic NMDARs are involved in degradation of MEF2D.
Stimulation of Extrasynaptic NMDARs Leads to Activation of Calpain-Many studies have shown that NMDA-mediated excitotoxicity is related to protease calpain activation (26, 4) . B, memantine significantly inhibited the degradation of MEF2D by NMDA. Cortical neurons were preincubated with memantine at concentrations from 0.1 to 20 M and then exposed to 20 M NMDA for 1 h. Cytoplasmic proteins were collected from the above samples for Western blotting detected with MEF2D antibody. N20, 20 M NMDA; Syn, synaptic NMDAR stimulation; Extra, extrasynaptic NMDAR stimulation; MEM, memantine; 4EBP1, cytoplasmic marker; and Histone, nuclear marker. toxic effect of NMDA on MEF2D. Under our experimental conditions, NMDA induced the activation of calpain, resulting in the cleavage of a well known calpain substrate fodrin, which could be completely blocked by inhibition of calpain (Fig. 4A ). Consistently, inhibition of calpain activity also restored the levels of MEF2D protein and MEF2 transcription potential ( Fig.  4A-B ). Using Suc-LLVY-AMC as a sensitive calpain substrate, we measured directly caplain activity (Fig. 4C ). We found that activation of synaptic NMDARs did not alter calpain activity. But activation of extrasynaptic NMDARs alone led to significant increase in calpain activity, as it was bath application of NMDA that resulted in the elevation of calpain activity (Fig.  4C) .
Direct Cleavage of MEF2D by Calpain-Previous studies have shown that MEF2D stability is regulated in response to neuronal stress (21) . Our above findings raised the possibility that calpain might directly cleave MEF2D in response to NMDA. In cortical neurons at DIV 15, 20 M NMDA induced degradation of MEF2D in a time-dependent manner as early as 15 min (data not shown). NMDA treatment for 30 min led to a decrease in the full length MEF2D in cortical neurons as revealed by anti-MEF2D C-terminal antibody and generation of two fragments of MEF2D with the molecular weight of ϳ52 and 30 kDa, respectively (Fig. 5A ). Inhibition of calpain by several distinct inhibitors prevented NMDA-induced degradation of MEF2D and the appearance of the cleaved molecular bands. To show whether calpain directly degraded MEF2D, we performed direct cleavage assay in vitro. Purified GST-MEF2D N-terminal (1-86 amino acids) or C-terminal (87-507 amino acids) fragments were incubated with purified calpain, and the cleavage was measured using either anti-GST or anti-MEF2D antibodies. These studies showed that calpain cleaved both GST-MEF2D(1-86) and GST-MEF2D(87-507) but not GST, generating several recognizable fragments (Fig. 5, B and C) . We isolated one degraded fragment generated from N-terminal MEF2D from Coomassie Brilliant Blue stained gel and subjected it to mass spectrometry analysis (Fig. 5C, left) . This analysis revealed that one of calpain cleavage sites occurred between MEF2D Ser-78 and Arg-79. When Glu-77 was mutated to Ala-77, the mutated GST-MEF2D(1-86) became resistant to cleavage by calpain ( Fig. 5C, right) . Based on data from Fig. 5, B and C, it appears that the bigger molecular weight fragment in Fig. 5A corresponds to the C-terminal portion of MEF2D lacking the first N-terminal 78 amino acid residues. The smaller molecular weight fragment in Fig. 5A may correspond to one of the C-terminal fragments generated by calpain in vitro (Fig. 5B, middle panel) . The N terminus of MEF2 is involved in DNA binding, which is required for its transactivation activity (33, 34) . Consistent with the cleavage of MEF2D at the N terminus by calpain, NMDA treatment inhibited the activity of MEF2D-VP16, whose DNA binding potential relies on the MEF2D DNA binding domain fused to the transactivation domain of viral protein VP16 (Fig. 5D ).
NMDA and OGD Induce Calpain-and MEF2D-dependent Neuronal Death-We examined whether NMDAR-calpain pathway played a role in neuronal toxicity. Cortical neurons were exposed to NMDA and neuronal viability was determined by LDH assay. Activation of extrasynaptic NMDARs, rather than synaptic NMDARs, resulted in a significant increase in neuronal death (Fig. 6, A and B) . Blocking calpain rescued neurons from NMDA excitotoxicity. To test that NMDA-induced neuronal death was related directly to MEF2D stability and activity, we knocked down MEF2D with MEF2D siRNA lentiviruses in cortical neurons (Fig. 6C, upper panel) . MEF2D knockdown significantly sensitized neurons to NMDA-induced toxicity. Consistent with this, knockdown of MEF2D attenuated calpain inhibitor calpeptin-mediated protection against excitotoxicity (Fig. 6C, lower  panel) . Similarly to NMDA treatment, OGD, a condition mimicking stroke, also led to calpain-dependent cleavage of MEF2D (Fig.  7A ). Inhibition of either NMDARs or calpain not only restored MEF2D levels but also protected cortical neurons from death (Fig.  7, A and B) .
DISCUSSION
Ample evidence supports the role of NMDARs in mediating damaging signals during excitotoxicity (32, 35, 36) . The precise molecular targets of the NMDAR damaging signals are not fully defined. In addition, it is not clear whether different NMDARbased mechanisms may be involved in regulating distinct downstream targets. Our findings demonstrate that survival factor MEF2D is a molecular target of NMDAR signaling in excitotoxicity. Activation of NMDARs stimulates protease calpain, leading to direct cleavage of MEF2D and down-regulating its transactivation activity.
MEF2 proteins are known to support neuronal survival. Many studies have reported that a decrease in MEF2 comprises the viability of cultured primary neurons in several experimental paradigms. Enhancing MEF2 activity has been shown to protect dopaminergic neurons from 1-methyl 4-phenyl 1,2,3,6tetrahydropyridine-induced toxicity in animal models of Parkinson disease (18) . Several important signaling pathways are known to regulate MEF2 proteins in neurons. For example, survival-promoting signals such as membrane depolarization potentiate MEF2 activity, whereas death-inducing signals such as neurotoxins or oxidative stress inhibit MEF2 function (13, 21, 37) . Importantly, recent studies have revealed MEF2 protein stability as a key point of regulation. Recently, chaperone-mediated autophagy has also been shown to directly regulate MEF2D turnover, which is interrupted under pathological conditions (16) . Moreover, phosphorylation of MEF2 proteins by Cdk5 leads to their enhanced cleavage by caspases and inhibition of their protective effects in cerebellar granule neurons in response to excessive glutamate (21) . How- ever, the underlying mechanisms by which excitotoxicity regulates MEF2 proteins remain unclear. Our current data define a molecular pathway involving activation of extrasynaptic NMDARs, activation of calpain, and direct cleavage of MEF2D by calpain. Moreover, knockdown of MEF2D sensitizes neurons to NMDA-mediated excitotoxicity. These findings provide a direct link between NMDAR overactivation and the suppression of neuronal survival machinery, suggesting that inhibition of survival factor MEF2D is part of the toxic repertoire of NMDAR excitotoxicity.
One of the major advances in recent years is the realization that NMDAR localization affects the nature of signals originating from the receptor. It has been shown that extrasynaptic NMDAR activation is coupled with an inhibitory pathway leading to dephosphorylation at the active site on CREB and repression of the activity of survival signal from ERK. On the contrary, activation of synaptic NMDARs clearly promotes CREB and ERK activities (9, 27) . In accordance with the classical examples of opposing effects of synaptic and extrasynaptic NMDARs, inhibition of survival factor MEF2D requires activities originated from extrasynaptic NMDARs.
Our findings indicate that toxic NMDA dysregulates calpain through extrasynaptic NMDARs. The overactivation of calpain appears to be required for degradation of MEF2D under the excitotoxic condition. Previous reports have shown that the caspases may mediate the degradation of MEF2 in rat cerebellar granule neurons treated with low potassium and in cerebrocortical neurons exposed to NMDA or glutamate (20, 21) . Increasing evidence shows that toxic NMDA and glutamate can activate both calpain and caspases (38) , and there is cross-talk between calpain and caspases during excitotoxicity. Calpain is directly activated by over-flux of calcium through NMDA FIGURE 6. Analysis of NMDA-dependent excitotoxic death of cortical neurons. A, NMDA induced morphological change in neurons. Microscopic photos were taken 8 h following different treatments in cortical neurons. Nuclei shrinking and body swelling occurred in cortical neurons exposed to extrasynaptic or total NMDA activation. The excitotoxicity was protected by both NMDA receptor antagonist and calpain inhibitor. B, release of LDH was measured at 8 h after NMDA treatments. C, knocking down MEF2D increased NMDA-induced neuronal death. Cortical neurons were infected with lentivirus-MEF2D RNAi or control lentivirus for 72 h and exposed to 20 M NMDA with or without 10 M calpeptin for 8 h for LDH assay. The top panel shows the efficiency of MEF2D knockdown. *, p Ͻ 0.05 and **, p Ͻ 0.01 compared with indicated groups (n ϭ 4). N20, 20 M NMDA; Syn, synaptic NMDA stimulation; Extra, extrasynaptic NMDA stimulation; Cal, calpeptin; con, control; APV, DL-2-amino-5-phosphonopentanoic acid. FEBRUARY 17, 2012 • VOLUME 287 • NUMBER 8
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receptors. In our model system, calpain was activated as early as 30 min after NMDA or glutamate (data not shown), whereas caspases were usually activated at 2 h (20, 21) . Consistent with our findings, calpain has been reported to be activated in Ͻ30 min after glutamate challenge (26, 30) . These findings suggest that calpain is activated earlier than caspases during excitotoxicity. Therefore, inhibition of calpain may represent a more effective strategy in maintaining the levels of MEF2 in neurons and protecting them from excitotoxicity.
Our findings that degradation of MEF2D requires the activation of extrasynaptic components of NMDAR signaling support the significant role of extrasynaptic NMDAR signal NMDARs in inhibiting survival factors/pathways such as CREB and ERK. They highlight the importance in targeting extrasynaptic NMDARs, calpain, and MEF2D for neuroprotection. Although normal levels of calpain activity are involved in many neuronal physiological processes, including synaptic plasticity and gene transcription (39, 40) , the clear dysregulation of calpain in various pathological conditions may offer an opportunity for selective inhibition of the pathological effects of calpain without significant interference with its physiological functions. Therefore, we conjecture that inhibition of calpain-me-diated degradation of MEF2D using highly specific techniques may be beneficial for excitotoxicity-associated diseases.
